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Patients prescribed morphine for the management of
chronic pain, and chronic heroin abusers , often
present with complications such as increased suscepti-
bility to opportunistic infections and inadequate heal-
ing of wounds. We investigated the effect of morphine
on wound-healing events in the presence of an infec-
tion in an in vivo murine model that mimics the clinical
manifestations seen in opioid user and abuser popula-
tions. We show for the first time that in the presence of
an inflammatory inducer, lipopolysaccharide, chronic
morphine treatment results in a marked decrease in
wound closure, compromised wound integrity, and in-
creased bacterial sepsis. Morphine treatment resulted in
a significant delay and reduction in both neutrophil and
macrophage recruitment to the wound site. The delay
and reduction in neutrophil reduction was attributed to
altered early expression of keratinocyte derived cyto-
kine and was independent of macrophage inflamma-
tory protein 2 expression, whereas suppression of mac-
rophage infiltration was attributed to suppressed levels
of the potent macrophage chemoattractant monocyte
chemotactic protein-1. When the effects of chronic mor-
phine on later wound healing events were investigated,
a significant suppression in angiogenesis and myofibro-
blast recruitment were observed in animals that re-
ceived chronic morphine administration. Taken to-
gether, our findings indicate that morphine treatment
results in a delay in the recruitment of cellular events
following wounding, resulting in a lack of bacterial
clearance and delayed wound closure. (Am J Pathol

2010, 176:786–799; DOI: 10.2353/ajpath.2010.090457)

Morphine, a mu opioid receptor agonist, is a well-docu-
mented analgesic derived from the extracts of opium
poppy plants (Papaver somniferum). On binding to its
receptors located in the central nervous system, mor-
phine mimics the actions of its endogenous peptide neu-
rotransmitter, �-endorphin, to inhibit nociceptive stimuli
responsible for pain perception. A comparison of the
distribution patterns of opioid receptors in the human
brain and that reported for the rodents suggests a ho-
mologous expression pattern in many regions, especially
those that relate to pain and analgesia.1–3 Furthermore,
most leukocytes (monocytes, neutrophils, and T and B
lymphocytes) express low levels of mu-opioid receptors
and opioid peptides, with a similar pattern of distribution
in humans and rodents and opioid receptor levels are
markedly induced on activation.4,5 Although chronic mor-
phine administration has become the gold standard in
managing long term pain, it has unwanted side effects,
such as respiratory depression, suppression of gastroin-
testinal motility, and immunosuppression, through its
binding to mu opioid receptors on cells in the brainstem,
in the gastrointestinal, and on immune cells, poses user
complications.6–11 Several studies have also documented
the process by which wound healing occurs.12–20 How-
ever, the underlying mechanisms why wound healing
complications are frequently present in populations that
have chronic morphine administered clinically or in the
drug abusing population, have not been fully explored.

Wound healing is an intricately regulated sequence of
cellular and biochemical events orchestrated to restore
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tissue integrity after injury. The sequence of events in
wound healing process begins immediately after injury
and occurs in two phases: a pro-inflammatory phase,
which are needed to ensure adequate bacterial clear-
ance at the site of tissue injury, and a re-epithelialization
and neovascularization phase12–20 to ensure proper
wound closure.21 It is important to note that resolution of
bacterial clearance is essential in order for the wound
closure processes to take place.

Varying populations of cells migrate to the site of the
wound in a sequential fashion following wounding. Plate-
lets are the initial responders post injury, followed by
neutrophils, macrophages, lymphocytes, and fibroblast
cells. Platelets, peaking 12 hours post-wounding, are
required for coagulatory events, whereas neutrophils and
macrophages (peaking on days 1 and 3, respectively)
are pro-inflammatory populations key in migratory and
proliferative events. The phagocytic neutrophils and
macrophages are key players in recognizing and eradi-
cating pathogens. During the innate immune response,
neutrophils mainly elicit their anti-pathogenic effects by
engulfing and killing pathogens via reactive oxidative
mechanisms.22 Macrophages are then recruited for fur-
ther bactericidal action against pathogens, as well as
engulfment of neutrophil debris. In addition to their indi-
vidual contributions to wound healing, each cell type has
been found to produce and secrete potent chemotactic
factors that enable the migration and activation of sub-
sequent cell populations.

Chemokines and cytokines, such as keratinocyte-de-
rived cytokine (KC), macrophage inflammatory protein 2
(MIP-2), and monocyte chemotactic protein-1 (MCP-1),
play critical roles in regulating the inflammatory immune
response following tissue injury or infection. Injured epi-
thelial cells, and resident pro-inflammatory cells, such as
platelets, produce, secrete, and initiate a chemical gra-
dient to activate and attract leukocytes to the area of
injury. During this time, potent neuropeptides are also
released in the peripheral damaged tissues that bind to
their receptors, located on endothelial and immune cells
promoting leukocyte adhesion and translocation.16–23 As
a result, circulating activated immune cells readily cross
the vascular compartment at the site of injury and migrate
toward the chemical gradient. The primary role of re-
cruited leukocytes, including neutrophils and macro-
phages, is to initiate tissue debridement and to launch a
pro-inflammatory response to protect against opportunis-
tic invasion of foreign pathogens.

The clearance of the debris and infectious organisms
promotes resolution of the inflammatory phase and initi-
ation of the repair phase, which includes formation of
granulation, re-epithelialization, and neovascularization
(angiogenesis). Fibrin matrices, collagen deposits, and
the formation of new blood vessels are all events that
promote wound closure processes. New blood vessel
formation occurs 7 days post-wounding. Angiogenic
processes are measured based on vessel formation,
vessel branching, and vessel length. Potent pro-angio-
genic factors including vascular endothelial growth
factor (VEGF)21,24 and hypoxia inducible factor-1�25

act on promoting these angiogenic events at the trans-
lational and transcriptional level.

Clinically, the prevalence of non-healing wounds
among the heroin-addicted population has also been well
documented. Non-healing wounds, at the site of drug
injection, in this population have been attributed to un-
clean practices such as needle sharing. However, recent
in vitro and ex vivo studies indicate that compromised
immune function within this abusing population may be
the reason behind the delay in the wound healing pro-
cess.26 Although wound healing mechanisms are well
established in the literature, these studies have been
performed under sterile conditions. Such analysis would
have translational implications for surgical and postsur-
gical practices. The fact that over 90% of all cutaneous
wounds incurred in nature are likely to be infected, the
need to study the infection component on wound healing
processes is essential.

This study is the first to standardize and characterize a
murine in vivo model that mimics the clinical presentation
of wound healing complications seen in opioid user and
abuser populations. With the use of this model, we ad-
dressed the following questions: 1) Does chronic mor-
phine administration modulate the wound healing pro-
cess in the presence of an infection? 2) At what level(s)
does morphine act on the innate pro-inflammatory phase
of wound healing? 3) Does morphine modulate later
wound healing events such as angiogenesis and myofi-
broblast induction?

Materials and Methods

Animals and Experimental Design

A model for studying cutaneous wound healing was used
to determine immune cell migratory patterns to the
wound, chemokine gradient profiles, and wound closure
rates in mice. One hundred and ninety-two C57BL/6J
male mice (Jackson Laboratories, Bar Harbor, ME) at
approximately 6 to 7 weeks of age and 20 to 25 g body
weights were randomly assigned to one of five treatment
groups. Mice were injected i.p. with either saline or mor-
phine sulfate to prevent multiple wounding and to simu-
late chronic morphine use conditions (6.25 mg/kg mor-
phine every 6 hours for a total of 25 mg/kg morphine over
24 hours). This dose of morphine results in plasma levels
of morphine in the 150 to 200 ng/ml range at steady state,
which is well within the range observed in patients receiv-
ing morphine for analgesic purposes for moderate to
severe pain (20 ng to 2000 ng/ml) and in heroin abusers
(200 ng to 2000 ng/ml).27–31 On day 0, mice were anes-
thetized with ketamine (65 mg/kg body weight) and xy-
lazine (5.5 mg/kg body weight) and implanted with either
a placebo or morphine (75 mg) (National Institute on
Drug Abuse, Bethesda, MD) slow release pellet s.c., in
the shaved region to the left of the dorsal midline, the
incision was closed with a 9-mm wound autoclip (Becton
Dickinson, Sparks, MD). Serum morphine concentrations
following pellet implantation have steady-state dose con-
centrations in the range of 250 to 400 ng/ml.32 A deep
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subcutaneous pocket was made just above the right hind
limb to accommodate a polyvinyl alcohol (PVA) sponge
(5 mm � 5 mm) and an 8-mm diameter full-thickness skin
excision was made just above the left hind limb.

Animals were housed four mice per cage according to
treatment groups under controlled 12:12 light/dark cycles
and controlled temperatures (25°C). Animals received stan-
dard food and tap water freely accessible from cages. Mice
subjected to placebo or morphine pellet implantation ac-
cording to the protocols and models previously described,
were returned to their cages and separated by experimen-
tal group classifications: (i) saline i.p. � placebo pellet �
saline sponge implant; (ii) saline i.p. � placebo pellet � LPS
sponge implant; (iii) morphine sulfate i.p. � morphine pel-
let � saline sponge implant; (iv) morphine sulfate i.p.�
morphine pellet � LPS sponge implant; and (v) morphine
sulfate and naloxone i.p. � morphine pellet and naltrexone
pellets � LPS sponge implant.

Discomfort, stress, and injury to vertebrate subjects were
minimized. The Institutional Animal Care and Use Commit-
tee at the University of Minnesota approved all protocols
and surgical procedures in these studies in agreement with
the guidelines set forth by the National Institute of Health
Guide for Care and Use of Laboratory Animals.

Morphine, Naloxone, and Lipopolysaccharide
Preparation

Morphine sulfate (National Institute on Drug Abuse, Be-
thesda, MD) was reconstituted in 1� Hanks’ Buffer Saline
Solution (HBSS) to a 1 �mol/L concentration. Placebo,
morphine, and naltrexone pellets were generously pro-
vided by the National Institute on Drug Abuse. Naloxone
preparation was in 1� HBSS at a final concentration of 10
�mol/L. Lipopolysaccharide (LPS) was reconstituted to
yield a 1 �g/ml concentration in 1� HBSS.

H&E Staining of Wound Tissues

Cutaneous wound bed tissues were excised on days 0.5, 1,
2, 3, or 4 using surgical forceps and scissors. Whole
wounds were placed into labeled tissue cassettes and fixed
in 10% formalin, 4% paraformaldehyde solution (Sigma, St.
Louis, MO). Samples were sent to the University of Minne-
sota Fairview-Riverside Hospital’s pathology laboratory for
paraffin embedding and staining. Parallel microtome sec-
tions were analyzed using immunocytochemistry.

PVA Sponge Preparation, Enzyme-Linked
Immunosorbent Assay, and
Fluorescence-Activated Cell Sorting

Saline- or LPS- [1 mg/ml] moistened PVA sponges (Mi-
cronova, Torrance, CA) were cut into 5 mm � 5 mm
squares and implanted just above the right hind limb. On
removal on designated days, sponges saturated in 1 ml
of 1� HBSS were placed in a 12cc syringe to extract
cells. Cells were centrifuged at 3000 rpm (1000 rcf) for 5
minutes at 4°C. Supernatants were transferred to fresh 1

ml Eppendorf tubes and underwent a second centrifuga-
tion step (3000 rpm for 3 minutes) to remove any debris.
Supernatants were analyzed for MIP-2, KC, and MCP-1
enzyme-linked immunosorbent assay (ELISA) protein
analysis (R&D Systems, Minneapolis, MN).

Pellets, containing cells that migrated to the PVA
sponges, were re-suspended in 1 ml of 1� HBSS and
counted (trypan blue exclusion). Then, 1 � 107 cells per
sample were aliquoted into round-bottom polystyrene tubes
(BD Falcon, Bedford, MA), labeled using LyG-6 and F4/80
surface markers (1:1000 and 1:500 dilutions, respectively,
BD Bioscience, San Jose, CA) according to standard pro-
tocol and processed for Flow Cytometry FACScan analysis
(Beckman Dickerson, Parsippany, NJ) according to
CELLQwest acquisition and analysis protocols.

Wound Excising, Imaging, and Analysis

Cutaneous wounds were inflicted above the left hind limb
with the use of surgical forceps and scissors. Excisions
followed an 8-mm diameter biopsy punch template placed
on top of the hind limb and traced in permanent marker.
Wounds were photographed 24 hours later using a Bencher
Illuma System light control photography mounting stage
(Fryer Co, Huntley, IL) and a digital camera (Kodak C513,
Rochester, NY). At varying time points, wounds were pho-
tographed using the same settings as used initially. Per-
centages of wound closure events were calculated as �
[1 � (wound pixel area on end point day/wound pixel area
on day 1) � 100%]. Wound pixel areas were determined
using Adobe Photoshop software.

Isolation of Bone Marrow-Derived Neutrophils

Bone marrow neutrophils were isolated as described by
Deshmukh et al.33 Briefly, the femurs and tibias were
removed and stripped of all muscle. The marrow was
flushed from each bone with HBSS, and the cell aggre-
gates were disrupted by trituration to generate a unicel-
lular suspension. The cells were pelleted, and erythro-
cytes were removed by hypotonic lysis. Neutrophils were
isolated from the remaining cells by centrifugation over
discontinuous Percoll (Amersham Biosciences) gradients
at 500 � g for 30 minutes at 4°C, consisting of 55% (v/v),
65% (v/v), and 75% (v/v) Percoll in PBS. Neutrophils were
recovered at the interface of the 65% and 75% fractions
and subjected to cytospin and Wright-Giemsa staining.
The purity of neutrophil in the sample was determined to
be greater than 90% pure in the neutrophil-rich fraction
as determined by fluorescence-activated cell sorting
(FACS) analysis (Ly6G staining) and Wright-Giemsa
staining. Viability was determined to be 95% using trypan
blue staining.

High-Throughput Screen Transwell Permeable
Chemotaxis Chamber Analysis

Chemotaxis assays were performed using a 96-well plate
with 3.0-�m polycarbonate membrane inserts (Corning
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Inc., Corning, NY). Bone marrow was harvested from
green fluorescent protein (GFP)-transgenic mice and
treated in vitro with either saline or morphine for 24 hours.
Neutrophils were purified using density centrifugation as
described above and purity was verified using FACS
analysis, using the neutrophil-specific surface marker
Ly6G. Then, 5 � 106 neutrophils were placed in the top
chamber of the chemotaxis plate in quadruplicate. Day-1
PVA sponge supernatants from placebo- and morphine-
treated mice were placed in the bottom chambers. The
chemotaxis chamber was incubated at 37°C, 5% O2 for 1
hour. Independent quantification of top and bottom cham-
bers was performed using an Omega FLUOstar fluores-
cence microplate reader (BMG LABTECH Inc, Durham,
NC). GFP was detected at a 485:520 excitation/emission
wavelength ratio.

Matrigel Plug Preparation

Sponge fluids (4 day) isolated from placebo � LPS- and
morphine � LPS-treated animals were resuspended in
Matrigel solution (200 �l to 500 �l Matrigel; BD Bio-
science, San Jose, CA) and injected s.c. above the hind
limb. Matrigel reacts with the body temperatures of mice
to form a noninvasive plug. Seven days post-Matrigel
injection, gross morphology and vascular invasion were
evaluated as described previously.34 Mice were eutha-
nized before the removal of the Matrigel plug.

Matrigel plugs were snap frozen in liquid nitrogen and
cryostat-sectioned. Eight-micron-thick sections of the
plugs were evaluated using �100 microscopy. Sections
were fixed and incubated with an anti-CD31-phyco-
erythrin (PE) monoclonal antibody. Quantitative analysis
of vessel number, vessel branching, and vessel length
were measured. Images of stained sections were captured
using the Olympus BX60 Upright microscope and analyzed
using the Photoshop Imaging Processing Tool kit.

Determination of Bacterial Dissemination into
Blood, Liver, and Spleen

Mice were administered saline or morphine i.p. 24 hours
before implantation of pellets and PVA sponge (day �1).
On day 0, mice underwent implantations of placebo or
morphine slow-release pellets as described above. PVA
sponges containing GFP-tagged Escherichia coli [kana-
mycin-insensitive (colony forming units � 18)] were im-
planted and the wound excised as described above. On
day 7, spleens and livers were harvested, and blood was
drawn via cardiac puncture.35 Spleen and liver tissues
were homogenized in 0.5 ml of 1� HBSS. Plating of
tissues onto sheep blood agar plates (500 �l/plate) con-
taining kanamycin were performed using aseptic tech-
nique with a glass spreader. Serially diluted heparinized
blood samples were also plated onto blood agar plates.
Plates were incubated at 37°C, 5% CO2 overnight. E. coli
GFP-positive colonies grown on plates were counted
manually.

Statistical Analysis

Unpaired student t-test was used to test for significant
differences in leukocyte numbers between morphine and
control treatment groups at the various time points. Data
are expressed as the mean � SEM. Differences were
considered significant when P � 0.05. Each experiment
was performed in triplicate unless otherwise stated. Sta-
tistical computer packages STATVIEW (SAS Institute,
Cary, NC) and SPSS (Chicago, IL) were used.

Results

Effects of Morphine on Wound Closure and
Wound Integrity Following Tissue Injury

To determine the effect of chronic morphine on wound
healing, we initially measured wound closure at different
days following wounding. Wound beds of morphine-
treated mice in the presence or absence of LPS were
compared with placebo and naltrexone groups (Figure 1,
A and B). Mice treated with either morphine alone or
morphine in the presence of LPS showed significantly
delayed wound closure (*P � 0.05) with a marked
presence of tissue necrosis, pus, and edema/swelling,
indicative of insufficient bacterial clearance and sus-
tained inflammation, when compared with either placebo-
treated or placebo � LPS-treated mice. Wounds of mice
that received co-administration of naltrexone (an opioid
antagonist) presented similar wound morphologies to
placebo treated groups. To determine wound closure
quantitatively, digitized pictures of wounds were scanned
and analyzed. Wound sizes at any given time point after
wounding were expressed as percentage of initial (day 0)
wound area for placebo- and morphine-treated mice.
Results are expressed as the mean � SE (n � 6, P �
0.05). Wound closure was significantly delayed in the
morphine � LPS treatment group, when compared with
the placebo � LPS group at every time period tested
(Figure 1 C). To further determine the role of the mu-
opioid receptor in morphine’s effect, wound closure fol-
lowing wounding was performed in the MORKO (mu-
opioid receptor knock-out) mice. Although wound closure
was significantly delayed in the morphine-treated wild-
type mice, wound closure in the morphine-treated
MORKO mice was not visibly different from the wild-type
placebo-treated (Figure 1, C and D) or MORKO placebo-
treated mice (data not shown). These findings clearly
establish that chronic morphine treatment significantly
inhibits wound healing, similar to what is reported in the
opioid use and abuse populations and therefore is a
useful model to investigate the mechanisms underlying
the inhibitory role of morphine in wound healing events.
These data also implicate the Mu-opioid receptors in
mediating morphine’s effect on wound closure since mor-
phine-induced inhibition of wound closure was com-
pletely abolished in the Mu-opioid receptor knock-out
mice. To further explore the mechanism by which chronic
morphine suppresses wound healing processes, we in-
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vestigated the migratory patterns of pro-inflammatory leu-
kocytes into wound tissues.

Migration Patterns of Leukocyte Infiltration into
Wound Beds Following Morphine Treatment

To determine the infiltration patterns of neutrophils and
macrophages, we investigated early wound healing time
points where both populations are known to peak. Wound
bed tissues excised on days 0.5, 1, 2, 3, or 4 were fixed
in 10% formalin, mounted in paraffin, microtome-sec-
tioned, and stained with H&E (see Supplemental Figure
S1 at http://ajp.amjpathol.org and Figure 2A). Represen-
tative slides were photographed using the Zeiss Axiovert
Upright Microscope (�10 magnification). As early as 12
hours post-injury, the presence of granular multilobular
neutrophils was seen in placebo-treated mice (Supple-
mentary Figure S1, at http://ajp.amjpathol.org), and by
day 4, a robust migration of neutrophils out of the blood
vessels into the surrounding tissues was observed in the
placebo � LPS treated mice (Figure 2, A and B). How-
ever, this migratory trend was significantly suppressed
when morphine was administered with fewer leukocytes
observed in the parenchyma (Supplementary Figure S1,

at http://ajp.amjpathol.org, Figure 2, A and B). In the pla-
cebo group there was clear migration of neutrophils out
of the surrounding blood vessel into the tissue area (Fig-
ure 2B). In contrast in the morphine-treated animals, even
in the presence of the potent pro-inflammatory stimulus,
LPS, leukocytes failed to adequately migrate in response
to the endotoxin and remained in the blood vessel (Figure
2B). These studies clearly indicate that chronic morphine
administration significantly suppresses leukocyte infiltra-
tion in response to tissue injury, even in the presence of
the potent pro-inflammatory stimulus, LPS.

To determine whether morphine treatment results in a
delay in later wound healing and repair events such as
angiogenesis and granulation, wounds of animals at day
7 were analyzed for CD-31 (angiogenesis) and �-smooth
muscle cell (SMC) staining (myofibroblast). Angiogenesis
and myofibroblast content of wounds in 7-day wounds of
placebo- and morphine-treated animals were determined
using two sections from each wound (n � 5) and ana-
lyzed for CD31 (PE) and � SMC (fluorescein isothiocya-
nate) histological localization. Sections were scanned at
low magnification (�10) to identify hot spots. Areas of
greatest vessel and myofibroblast density were then ex-
amined under higher magnification (�20) and counted.

Figure 1. A: Gross morphology of cutaneous wounds in hind limbs of mice. Cutaneous wounds of mice treated with placebo, morphine, or morphine plus
naltrexone in the presence or absence of LPS were photographed on days 1 and 7. Ratios of quantified pixel areas of the wounds were used in determining the
rate of wound closure. A marked decrease in wound healing integrity was seen in the morphine-treated groups. Integrity is based on the quality of healing.
Wounds of morphine-treated animals presented with increased necrotic tissue, pus, and marked edema/swelling. Co-administration of naltrexone reversed the
effects seen in the morphine-treated groups. Following chronic morphine administration, in the presence and absence of LPS, wounds showed a significant
decrease in closure rates compared with control groups. B: Quantified analysis of pixel area wound closure events. Percentages of wound areas were quantified
to measure closure rates between treatment groups. Areas of wound beds from mice treated with morphine showed significant delay in closure when compared
with their respective control groups. Co-administration of naltrexone restored the morphine-mediated delay in wound closure to rates seen in the placebo treated
group. Significance of P values are *P � 0.001, **P � 0.01 (n � 4). C: Temporal decrease in wound closure in morphine-treated animals. Wounds were
photographed on days 0, 1, 3, 5, 7, and 10 following wounding. Quantified pixel areas of the wound were calculated as percentage of wound area at day 0. Wound
closure measured at each time points were significantly lower in the morphine-treated wild-type (WT) mice when compared with all other treatment groups. *P �
0.05 (n � 4). Wound closure rate of morphine-treated MORKO mice were similar to wild-type placebo control. D: Morphine-induced inhibition in wound closure
was abolished in MORKO mice. Wild-type and MORKO mice were treated with morphine or placebo pellet and wound beds photographed at day 7. Wound
closure in morphine-treated MORKO mice was similar to wild-type placebo-treated animals.
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CD-31 fluorescent images were binearized for PE-posi-
tive pixels, and skeletonized (gray images) using a Re-
indeer Image Analysis tool kit and Adobe PhotoShop as
previously described by Wild et al.34 This method of anal-
ysis allows quantification of microvessel density based
on average blood vessel numbers (ends, E), blood vessel
branching (nodes, F), and blood vessel length (G). The
statistical differences are based on comparisons be-
tween means using a Student’s t-test, and significance
was set at P � 0.05. Wounds of placebo treated animals
showed a significantly greater CD-31 staining with a
greater blood vessel number, branch points, and length
when compared with 7-day wounds of morphine-treated
animals (Figure 2C). Seven-day wound of placebo-
treated animals also showed significant � SMC staining
(Figure 2D), when compared with that observed in mor-
phine-treated animals (Figure 2D). These results clearly

demonstrate that morphine treatment results in a dra-
matic decrease in early wound recruitment of leukocytes
that may contribute to the delay in the initiation of later
repair events such as re-epithelialization, granulation,
and angiogenesis.

Neutrophil and Macrophage Infiltration into PVA
Sponge Implants Following Morphine Treatment

To further determine whether morphine modulates leuko-
cyte recruitment to wound sites, mice were treated with
either morphine or placebo as described above. PVA
sponges were soaked in either saline or LPS (1 �g/ml)
and inserted into pockets as a stack. At days 0.5, 1, 2, 3,
4, and 5, sponges were removed, placed in a 3 ml
syringe barrel and centrifuged in a 50 ml centrifuge tube

Figure 2. A: Morphine delays leukocyte migration into wound tissue beds. Histological analysis of wound beds taken from the hind limbs was performed using
H&E staining techniques. Representative wound sections show significant reduction of infiltrating leukocytes (shown with black arrow) into wound tissues of
mice treated with morphine 4 days post-injury. B: Wound sections of morphine-treated animals show significantly lower transmigration of leukocytes out of blood
vessels into wound beds. Red arrows indicate blood vessels and black arrows infiltrating leukocytes. C: Representative CD31 staining of wound sections was
performed on day seven wound sections. Eight-micron, paraffin-embedded sections were stained with anti-CD 31-PE antibody, an endothelial marker. Cell
number was determined using 4,6-diamidino-2-phenylindole staining. CD-31 staining was markedly reduced in morphine-treated wounds (n � 4). Quantitative
representation of vessel density (ends), vessel branching (nodes) and vessel length (length) show significant reduction in all parameters tested in morphine-treated
animals. *P � 0.01 (n � 4). D: Representative �-SMC staining was performed on day seven wound sections. 8 micron paraffin embedded sections were stained
with anti �-SMC-fluorescein isothiocyanate antibody, a myofibroblast marker. Cell number was determined using 4,6-diamidino-2-phenylindole staining.
�-SMC-fluorescein isothiocyanate staining was markedly reduced in morphine-treated wounds (n � 4). Quantitative evaluation showed significant reduction in
�-SMC expression in morphine-treated wounds. *P � 0.01 (n � 4).
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for 15 minutes at 1,200 rpm. Cells and supernatant were
collected. Cells were treated with antibody specific for
neutrophil (LyG-6/Gr-1-fluorescein isothiocyanate BD
Pharmingen) and macrophage markers (F4/80-PE, clone
CI:A3-1), neutrophils, and macrophages were quantified
using flow cytometry. Neutrophil recruitment began at
day 1 and peaked at day 2 in both the placebo-saline and
placebo-LPS groups (Figure 3A). As expected the neu-
trophil recruitment pattern in the placebo-LPS group was
significantly greater than the placebo-saline group at
both day 1 and day 2. In contrast, there was a dramatic
delay in neutrophil recruitment in the morphine � saline
and morphine � LPS group, as compared with its control.
The peak recruitment of neutrophils in the morphine �
saline group and morphine � LPS group was also signif-
icantly lower than the placebo � saline and placebo �
LPS groups. Interestingly, while neutrophil numbers re-
turned to base line levels in the placebo-treated groups,
a sustained recruitment of neutrophils was observed at
day 5 in the morphine-treated groups.

When evaluating the effects of morphine on macro-
phage recruitment patterns, a similar profile was ob-
served as with neutrophils recruitment (Figure 3B). On
day 1 post-injury, the migratory pattern of macrophages
stained with surface marker F4/80 was significantly in-

creased in response to LPS (placebo � LPS). However,
macrophages failed to migrate in response to LPS when
morphine was co-administered (morphine � LPS). By
day 3, when macrophages are typically seen post-injury,
significantly lower numbers of macrophages were de-
tected when morphine was administered in the presence
or absence of LPS. This suppression by morphine of
LPS-induced macrophage recruitment continued as late
as day 4 post-injury (**P � 0.01). At day 5, macrophage
numbers in the placebo � saline and placebo � LPS
group returned to baseline level, however, in contrast, in
the morphine � LPS group, a sustained recruitment of
macrophages was observed indicating lack of bacterial
clearance and sustained inflammation.

Taken together, these findings suggest that morphine
plays a critical role as an immunosuppressor during the
early phase of wound repair by 1) delaying neutrophil
infiltration toward a LPS-mediated environment, and 2)
consequently reducing macrophage infiltration. Delay in
neutrophil and macrophage recruitment in the morphine-
treated animals may be contributing to the delay in
wound healing since sequential recruitment of immune
cells at specific times following wounding contributes to
later wound repair mechanisms.

Effects of Secreted Protein Levels for
Chemoattractants MIP-2, KC, and MCP-1
following Morphine Treatment

Next, we explored whether the morphine-mediated 24-
hour delay in neutrophil migration was a result of an
altered chemical gradient. To investigate this possibility,
protein levels of the potent neutrophil (MIP-2 and KC) and
macrophage (MCP-1) chemoattractants from the PVA
sponge extracts were measured.

Supernatants collected on days 1 and 3 from PVA
sponge extracts underwent MIP-2 (Figure 4A), KC (Fig-
ure 4B), and MCP-1 (Figure 4C) quantikine ELISA protein
detection analysis, respectively. At each time point, a
significant elevation of MIP-2 (Figure 4A), KC (Figure 4B),
and MCP-1 (Figure 4C) was seen when LPS was present.
It was surprising to observe that morphine treatment did
not result in any significant decrease in MIP-2 expression
either at day 1 or at day 2, although a significant de-
crease in neutrophil recruitment was observed. When KC
expression levels were measured, a significant increase
in KC levels was observed at both days 1 and 3 in the
placebo-treated LPS and placebo-treated saline groups.
KC levels in the placebo group was significantly higher at
day 1 compared with day 3 implicating a role for KC in the
early recruitment of neutrophils following wounding. How-
ever, when KC levels were measured in the morphine-
treated groups a significant decrease was observed at
both day 1 and day 3. These data suggest that the
decrease in the expression of KC at the early phase of
wounding may be a potential mechanism for the delay
and decrease in neutrophil migration in the morphine-
treated animals.

When the secretion levels of the macrophage che-
moattractant MCP-1 were evaluated, it was found that on
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Figure 3. A: FACS analysis of LY6G-labeled neutrophils from PVA sponges.
Following injury and removal of PVA sponges, cells were extracted and
counted using trypan blue exclusion. 1 � 107 cells were placed into each
FACS tubes, labeled with LY6G mouse antibodies, and quantified. In the
presence of LPS, a marked increase in cells positive for LY6G (neutrophils)
migrated into the PVA sponge 24 hours post-injury. However, significantly
fewer LY6G-positive cells were detected when morphine was co-adminis-
tered and this cell population and did not peak until 72 hours post-injury.
Significance of P value is **P � 0.01, *P � 0.05 (n � 4). B: FACS analysis of
F480-labeled macrophages from PVA sponges. Following injury and removal
of PVA sponges, 1 � 107 cells were placed into each FACS tubes, labeled
with F4/80 mouse antibodies, and quantified. A significant decrease (*P �
0.01, n � 4) in F4/80-positive cells (macrophages) was seen following
co-treatment of morphine and LPS on days 0.5, 1, 2, 3, and 4. Peak recruit-
ment on day 3 post-injury, was also significantly suppressed (*P � 0.01, n �
4) in the morphine � LPS group. Sustained and significant recruitment was
observed in the morphine-treated group on day 5 (*P � 0.01, n � 4).
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day 3, in the presence of LPS, placebo-treated mice
showed elevated expression of MCP-1 (placebo � LPS).
However, statistically significant suppression of MCP-1
was seen when morphine was co-administered (mor-
phine � LPS). In the absence of LPS, placebo-treated
animals showed a low level of MCP-1 expression. As was
observed with the morphine � LPS group, MCP-1 ex-
pression was further attenuated in the morphine group in
the absence of LPS. This trend complements our findings
of decreased macrophage infiltration seen in the flow
cytometric and immunohistochemical analysis. We at-

tribute the decreased macrophage infiltration into PVA
sponges to the suppressed chemoattractant expression
required for macrophage migration.

Although our findings support the idea that suppres-
sion of recruited macrophages toward the site of injury
and infection is mediated through a decrease in MCP-1-
dependent chemoattractant gradient, we were puzzled
by the absence of morphine regulation of MIP-2 expres-
sion, a potent neutrophil chemoattractant. We speculate
that the delay of neutrophil migration following morphine
administration maybe at the early phase of neutrophil
recruitment and may be a function of KC expression and
independent of MIP-2. To test this hypothesis, we per-
formed a fluorescence screen to measure neutrophil
chemotaxis.

Effects of Morphine on Neutrophil Migration
Using a Chemotaxis Assay

Primary naïve neutrophils (Figure 5A) harvested from
GFP-transgenic mouse bone marrow were treated with
either saline or morphine (1 �mol/L) in vitro for 24 hours
and loaded in the top chambers of a high throughput
permeable membrane chemotaxis plate. PVA sponge
supernatant extracts from day 1, placebo � LPS- and
morphine � LPS-treated mice were loaded in the bottom
chambers. Migration of saline- and morphine-treated
GFP-neutrophils toward placebo- or morphine-treated
supernatants were assessed and quantified. There was a
robust migration of saline-treated neutrophils toward pla-
cebo � LPS sponge supernatant (Figure 5A), however a
significant reduction in migration of saline-treated neutro-
phils was observed when exposed to morphine � LPS
supernatant although MIP-2 levels in the supernatant
were similar to the placebo � LPS group. Surprisingly,
migration of morphine-treated neutrophils toward pla-
cebo � LPS supernatant was significantly lower than
saline-treated neutrophils. Migration was further reduced
when exposed to morphine � LPS supernatant. These
data corroborated the in vivo data showing reduced mi-
gration of neutrophils into PVA sponges in morphine-
treated animals. Furthermore, the failure of migration of
morphine-treated neutrophils toward placebo � LPS su-
pernatant, which contained high levels of both KC and
MIP 2 indicate that reduced chemokine levels was not the
only mechanism responsible for the reduced migration of
neutrophils in morphine-treated animals.

To establish that the migration of neutrophils toward
placebo � LPS and morphine � LPS sponge supernatant
was independent of MIP-2, sponge supernatant were
treated with MIP-2 antibody and added to the bottom
chamber and chemotaxis of neutrophils were determined
(Figure 5A). Although a reduction in chemotaxis was
observed when both placebo � LPS and morphine � LPS
supernatant were pretreated with MIP-2 antibody, the
decrease in the placebo � LPS supernatant was not as
dramatic as the migration observed toward, morphine �
LPS supernatant establishing that MIP-2 may not be the
principal chemoattractant responsible for the recruitment
of neutrophils in our wound model. To determine whether
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Figure 4. A: MIP-2 expression profile from PVA sponge extracts. The potent
neutrophil chemoattractant MIP-2 from PVA sponge supernatants were ana-
lyzed using a MIP-2 protein detection ELISA kit. Interestingly, no significant
modulation of protein expression was seen between placebo- and morphine-
treated groups on days 1 and 3 post-injury. However, a significant (**P �
0.01, n � 4) elevation of MIP-2 protein levels were seen in response to the
endotoxin LPS (placebo and morphine in the presence of LPS). B: KC
expression profiles from PVA sponge extracts. The potent neutrophil che-
moattractant KC from PVA sponge supernatants were analyzed using the KC
protein detection ELISA kit. Interestingly, KC levels in the placebo group
were higher at day 1 compared with day 3 in both LPS treated and non-
treated animals. Morphine treatment resulted in a significant (*P � 0.01, n �
4) reduction in KC protein levels, when compared with placebo-treated
groups on both days 1 and 3 post-injury. A significant (*P � 0.01, n � 4)
elevation of KC protein levels were seen in response to the endotoxin LPS.
C: MCP-1 expression profiles from PVA sponge extracts. The macrophage
chemokine MCP-1 from PVA sponge supernatants was analyzed using ELISA.
By day 3 post-injury, significant suppression (**P � 0.01, n � 4) of MCP-1
was seen following morphine administration when compared with its control
(placebo). In response to the LPS stimuli, MCP-1 protein levels were mark-
edly increased (placebo � LPS). However, a significant (**P � 0.01, n � 4)
decline in protein expression was seen when morphine was co-administered
(morphine � LPS).
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KC was the principal chemoattractant in the day 1
sponge fluid, sponge supernatant was pretreated with
KC antibody (Figure 5B) and subjected to chemotaxis.
Pretreatment of placebo � LPS supernatant with KC an-
tibody resulted in a dramatic decrease in neutrophil re-
cruitment suggesting that KC may play a dominant role in
the early recruitment of neutrophils to the wound site. The
delay in neutrophil recruitment in morphine-treated ani-
mals may be a consequence of a delay in KC expression.

Since morphine-treated neutrophils showed a dra-
matic decrease in migration toward placebo � LPS su-
pernatant, we next determined if the decrease in migra-
tion of morphine-treated neutrophils toward placebo
supernatant was due to a decrease in the MIP-2/KC
receptor, CXCR2 (Figure 5C). In these studies, bone
marrow-derived neutrophils were pretreated with mor-
phine (1 �mol/L) for 24 hours and treated with LPS (10 ng
and 100 ng) for 2 hours and CXCR2 expression was
determined using reverse transcription PCR (Figure 5D).
As expected LPS treatment resulted in a dose-dependent
increase in CXCR2 expression levels. However, mor-
phine pretreatment resulted in a significant decrease in
LPS induced CXCR2 expression level. These results sug-
gest that down-regulation of MIP-2/KC receptors follow-
ing morphine treatment could be a potential mechanism

for the observed decreased migration of morphine-
treated neutrophils toward a MIP2/KC chemokine gradi-
ent. These results also suggest that the delay in neutro-
phil recruitment following morphine treatment may be
due to both a decrease in KC chemokine during the early
phase of wounding and a decrease in CXCR2 expression
in neutrophils.

Effect of in Vitro Morphine Treatment on MCP-1
and CCR2 Expression

To determine whether expression of MCP-1 and its re-
ceptor CCR2 in macrophages is modulated by morphine,
naïve peritoneal macrophages were pretreated with mor-
phine for 24 hours and then treated with LPS for 12 and
24 hours. MCP-1 and CCR2 expression was determined
using reverse transcription PCR. LPS treatment resulted
in a time-dependent increase in MCP-1 expression
(Figure 6, A and B). However, morphine treatment of
macrophages significantly inhibited LPS induced
MCP-1 induction supporting our findings observed in
vivo. Interestingly, LPS treatment resulted in a time-de-
pendent decrease in CCR2 expression with an inverse
relationship to that observed with MCP-1 induction (Fig-
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Figure 5. A: Chemotaxis assay of naïve neutrophil migration toward supernatants of PVA sponge extracts. Bone marrow was harvested from GFP-transgenic mice
and treated with morphine (1 �mol/L) or saline for 24 hours. 5 � 106 neutrophils were added to top chambers of chemotaxis plates. Supernatants from day 1
PVA sponge extracts were placed in the bottom chambers. Following 1-hour incubation, top chambers were removed, and cells in the bottom chambers were
quantified by plate reader using GFP excitation and emission wavelengths (GFP was detected at a 485:520 excitation/emission wavelength). Significantly fewer
neutrophils migrated toward the supernatants containing morphine, as compared with the placebo treated group (P � 0.001, n � 4). In parallel studies, day 1
PVA supernatant was pretreated with either MIP-2 or KC antibody for 12 hours before being placed on the top chamber of the chemotaxis plate. Pretreatment
with MIP-2 antibody did not significantly decrease chemotaxis of cells toward the bottom chamber. B: In contrast, pretreatment with KC antibody resulted in a
significant decrease in migration of naïve neutrophil toward placeco�LPS supernatant. C and D: Morphine inhibits LPS-induced CXCR2 expression in neutrophils.
Bone marrow-derived neutrophils were pretreated with morphine (1 �mol/L) for 24 hours and treated with LPS (10 ng and 100 ng) for 2 hours and CXCR2
expression determined using reverse transcription PCR. Results show that morphine treatment resulted in a dramatic decrease in LPS-induced CXCR2 expression
levels (D). �-actin was used as a loading control (*P � 0.01, **P � 0.001, n � 4). D: Densitometric analysis of four representative PCR gel blots. (*P � 0.01).
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ure 6, A and B). Morphine treatment did not modulate
LPS-induced CCR2 expression.

Taken together, these results suggest that the ob-
served decrease in macrophage recruitment following
morphine treatment is a consequence of a decrease in
MCP-1 induction. The sustained expression of CCR2 in
morphine-treated macrophage may also explain the sus-
tained recruitment of macrophages in the wounds of
morphine-treated animals.

Effects of Chronic Morphine on Bacterial
Dissemination

Several groups have associated prolong endotoxin-me-
diated immune activation to delayed wound healing and
septic shock. These studies attribute septicemia to
monocyte deactivation,36 compromised leukocyte killing
activity,37 circulating thrombosis, and reduced plasma
viscosity.38

We next investigated whether the immunosuppressive
effects observed following chronic morphine administra-
tion would lead to dissemination of bacteria out of wound
beds and into the blood stream and other organ com-
partments. To determine whether chronic morphine treat-

ment results in bacterial dissemination, PVA sponge im-
plants were saturated with live GFP-tagged E. coli (18
colony forming units). Homogenized organ tissues and
blood samples taken on day seven post injury, were
plated onto blood agar plates and incubated overnight.
E. coli GFP-positive colonies were counted. Seven days
post-injury, very little E. coli dissemination was observed
in the spleen and liver and was completely absent in the
blood of the placebo-treated group. In contrast, signifi-
cant number of bacterial colonies grew on blood agar
plates from spleen, liver, and blood samples taken from
morphine-treated groups (Figure 7). These findings fur-
ther support our hypothesis that chronic morphine-medi-
ated immunosuppressive effects will lead to detrimental
outcomes of delayed wound healing and increased dis-
semination of bacterial pathogens.

Effects of Chronic Morphine on Angiogenesis

Macrophages present in inflammatory infiltrate contribute
to the angiogenic process by producing a broad array of
angiogenic growth factors and cytokines that promote
wound remodeling and angiogenesis. To further validate
if morphine induced decrease in macrophage infiltration
will result in a decrease in angiogenesis, Matrigel ad-
mixed with day 4 culture supernatant (obtained from
sponges from morphine- and placebo-treated animals)
were injected s.c. just above the left shank in animals that
were either treated with placebo or morphine pellets.
Matrigel plugs were surgically removed on day 7 and
snap-frozen. Cryostat sections were fixed in ice-cold ac-
etone and stained with anti-CD31-PE (red images) mono-
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Figure 6. A: Morphine inhibits LPS-induced MCP-1 expression and had no
effect on CCR2 expression in macrophages. Naïve peritoneal macrophages
were pretreated with either saline or morphine (1 �mol/L) for 24 hours and
then treated with LPS for 12 and 24 hours. MCP-1 and CCR2 receptor
expression was determined using reverse transcription PCR. LPS treatment
resulted in a time-dependent increase in MCP-1 expression. However, mor-
phine treatment of macrophages significantly inhibited LPS-induced MCP-1
induction. Morphine treatment did not result in a decrease in CCR2 expres-
sion. B: Densitometric analysis of 4 representative PCR gel blots. (*P � 0.01
and **P � 001).

Figure 7. Dissemination of E. coli out of wound tissues into blood and
organs. PVA sponges containing live bacteria E. coli at 18 colony forming
units were implanted into hind limbs of mice administered placebo or
morphine. Homogenized spleens, livers, and blood samples were incubated
on blood agar plates. Averages of plate colony counts (n � 4) were taken. A
significant increase in GFP-tagged E. coli was seen in the spleen, liver, and
blood of morphine-treated groups 7 days following injury (*P � 0.01, n � 4).
Adequate clearance of bacteria was found to occur in the blood, spleen, and
liver tissues of placebo-treated mice. Horizontal lines represent mean bacte-
rial load. Mean � SE is shown in the table below.
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clonal antibody at a dilution of 1:100. Angiogenesis in
response to placebo- and morphine-treated sponge su-
pernatants was determined using two sections from each
plug (n � 5) and analyzed for CD31 immunolocalization
as described in Figure 2C. Animals that were implanted
with a placebo pellet and then implanted with Matrigel
plugs admixed with placebo supernatant (Pp � Ps) were
highly vascular and showed significant vessel growth
(Figure 8, A and B). There was significant decrease in
angiogenesis in Matrigel plugs that were resuspended
with sponge fluids from morphine-treated animals, even
though the host animals were implanted with placebo
pellet (Pp � Ms-Figure 8, C and D). A similar decrease

was observed in animals that were morphine pelleted but
received placebo supernatant (Mp � Ps-Figure 8, E and F).
The greatest reduction in angiogenesis was observed in the
animals that were morphine-pelleted and received mor-
phine sponge supernatant (Mp � Ms-Figure 8, G and H). All
three indices of angiogenesis, vessel density (ends Figure
8I), vessel branch point (nodes Figure 8J), and vessel mat-
uration (length-Figure 8K) were significantly decreased in
animals that received morphine supernatant and were im-
planted with morphine pellets. These results indicate that
morphine treatment inhibits the host’s ability to respond to
an angiogenic stimulus contributing to the delayed wound
healing observed in morphine-treated animals.

Figure 8. Sponge supernatant from morphine-treated mice attenuated new blood vessel formation in Matrigel plugs. Placebo and morphine PVA sponge
supernatants containing Matrigels were injected into the hind limb of placebo or morphine pelleted mice. Matrigel plug was removed at day 7 following
euthanasia. Cryostat sections from liquid nitrogen–snap-frozen Matrigel samples were stained with PECAM (CD31) endothelial marker. In the placebo-treated
animals that received placebo supernatant (Pp � Ps) (A) angiogenesis was apparent and readily visible throughout the day 7 Matrigel plugs. Substantial decrease
in angiogenesis was observed in the placebo-treated animals that received morphine supernatant (Pp � Ms) (C). Chronic morphine treatment significantly
decreased the formation of blood vessels in the placebo supernatant (Mp � Ps) (E)-containing plugs. The most dramatic decrease in angiogenesis was observed
in morphine-treated animals that received morphine sponge supernatant (Mp � Ms) (G). Panels B, D, F, and H are skeletonized images of panels A, C, E, and
G, respectively. B: Areas of vessel density in Matrigel plugs were then examined under higher magnification (�20) and counted after fluorescent images were
binearized for PE-positive pixels, and skeletonized (gray images B, D, F, and H) using Reindeer Image Analysis tool kit and Adobe PhotoShop. I, J, K:
Morphometric analysis of angiogenic events. Quantification of the skeletonized images, shown in Figure 8, B, D, F, and H was evaluated for angiogenic events
[vessel density-ends (I), vessel branch points-nodes (J), and vessel length (K) of new vessels]. Plugs extracted from mice treated with morphine pellets
showed a significant reduction in blood vessel density (ends), vessel branching (nodes), and vessel length, when compared with placebo treated groups
(*P � 0.05, n � 4).
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Discussion

There are compelling animal data documenting the
immunosuppressive effects of opioids and their causal
relationship to worsen outcomes during an infectious
challenge.39–41 Similar observations have also been docu-
mented in the drug abuse population,26,42 thereby support-
ing an animal model approach for the study of opioid use
and its impact on pathological states.

Very few studies have systematically investigated the
consequences of prolonged morphine administration on
wound healing events. Our data shows for the first time
that morphine’s immunosuppressive effects on early in-
nate immune cell recruitment, which is instrumental for
bacterial clearance, leads to a net delay in wound healing
events. As neutrophils fail to adequately migrate into the
site of injury by 24 hours post-injury, less MCP-1 is pro-
duced and secreted, resulting in a lower chemoattractant
gradient that is essential for the recruitment of subsequent
innate immune populations, including macrophages. Mac-
rophage infiltration was thereby decreased resulting in a
decrease in neutrophil clearance and an exacerbated pro-
inflammatory response. Prolonged inflammation, 7 days
post-injury, was seen in the gross wound morphologies
taken from morphine-administered groups. These wounds
presented with pus (indicative of a pronounced presence of
neutrophil debris and decreased macrophage recruitment),
tissue necrosis, edema, and poor wound integrity. When
naltrexone was co-administered to the morphine groups,
these modalities were absent and resembled wound mor-
phologies similar to the placebo group. Furthermore, mor-
phine-induced inhibition in wound closure was also abol-
ished in the MORKO mice, establishing the role of the
Mu-opioid receptor in morphine-induced modulation of
wound closure.

Interestingly, we observed a temporal shift in the se-
cretion of KC and MIP-2 in the PVA sponge following
wounding. In the placebo group, KC expression levels
were observed early, and peaked at day 1 following
wounding and declined at day 3. MIP-2 levels however,
were not significantly elevated at early time points and
peaked only at day 3. The recruitment pattern of neutro-
phils followed peak KC expression times, implicating KC
as a potent chemokine secreted at an early phase during
dermal injury for the recruitment of neutrophils. These
studies are consistent with the studies reported by
Endlich et al43 where a distinct temporal pattern of MIP-2
and KC chemokine recruitment was observed following
surgical injury suggesting distinct regulatory controls.44

Similar temporal shifts in KC and MIP-2 expression were
also observed in several models of bacterial infec-
tion.45,46 These studies imply that KC and MIP-2 are
differentially modulated depending on the wound envi-
ronment and the type of insult.

Our study also showed that morphine treatment selec-
tively inhibited early KC synthesis, but had no effect on
MIP-2 induction following wounding. Several studies sup-
port a MIP-2-independent mechanism for reduced neu-
trophil migration following injury, especially in an infection
model. In an acute alcohol model, even though CXCR2/
MIP2-mediated signaling contributed to reduced infiltra-

tion into non-septic wounds,47 however under conditions
where there is susceptibility to infections such as burn
injury, neutrophils failed to enter the tissue despite sig-
nificantly high levels of MIP-2 chemokines in the wound
tissue.47 These studies support our conclusion that as-
signs a relatively reduced role for MIP-2, but a more
dominant role for KC in the recruitment of neutrophils
following cutaneous wounding when infection is present.

In wound-healing models, MIP-2 has been shown to be
secreted by resident macrophages and dendritic cells at
the wound site, whereas KC is rapidly secreted following
injury by damaged epithelial cells. The mechanism for the
activation of resident macrophages in the release of che-
mokines is not clearly understood; however, infection and
hypoxia at the wound site have been implicated as po-
tential mechanism by several studies. Studies in support
of wounding as a potent stimulus for KC secretion is
provided by several recent reports.48,49 These studies
identify wound edge keratinocytes as an important
source of cytokines in the acute phase following wound-
ing and KC as the predominant chemokine present at
enhanced levels at wound sites following incision. Al-
though our studies show significant decrease in the early
expression of KC following morphine treatment, the cell
type responsible for KC expression was not identified.
However, several studies,50–52 including ours (unpub-
lished observation), clearly demonstrate the surface ex-
pression of mu opioid receptors on keratinocytes. Also, a
recent report by Clark et al48 shows significant inhibition
of early KC expression from wound edge keratinocytes
following acute morphine treatment. These studies impli-
cate keratinocytes as the potential source of KC synthe-
sis in our model of wound healing and morphine modu-
lation of KC synthesis may be mediated through mu
opioid receptors.

When CXCR2 (MIP-2/KC receptor) expression levels
were evaluated on morphine-treated neutrophils, a sig-
nificant decrease in LPS-induced CXCR2 levels was
observed. Additional studies using chemotaxis assays
showed decreased migration of saline-treated neutro-
phils toward morphine-treated sponge supernatant, al-
though CXCR2 expression levels were elevated in these
cells. Pretreatment of sponge supernatant with MIP-2
antibodies did not significantly alter the migration of neu-
trophils. However pretreatment of sponge supernatants
with KC antibody resulted in a significant decrease in
neutrophil migration in saline-treated neutrophils toward
either placebo-treated supernatant or morphine-treated
supernatant. Taken together, these results support our
conclusion that decreased migration of neutrophils into
wound beds following morphine treatment may be a con-
sequence of both a decrease in KC expression in the
wound beds and a decreased expression of CXCR2 on
neutrophils.

Morphine treatment resulted in a significant decrease
in macrophage recruitment, both in the presence and
absence of LPS. A concurrent decrease in MCP-1 levels
was also observed when sponge fluids were evaluated
for MCP-1 protein levels. Consistent with the in vivo stud-
ies, in vitro treatment of macrophages with morphine re-
sulted in a significant decrease in LPS-induced MCP-1
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expression. Interestingly, however, while LPS treatment
decreased CCR2 receptor expression levels in a time-
dependent manner, morphine treatment did not result in
any change in CCR2 expression levels. Several reports
indicate down-regulation of CCR2 expression as a mech-
anism for halting sustained recruitment of macrophage in
an inflammation model.53 Similarly, in our studies we
observed a peak recruitment of macrophages at day 3
that decreased progressively and returned to base line
levels at day 5 in the placebo group. The decrease in
macrophage recruitment can be attributed to a down-
regulation of CCR2 expression. In contrast, morphine
treatment did not alter LPS-induced down-regulation of
CCR2 receptor expression. Consistently, we observed a
sustained recruitment of macrophages in the morphine-
treated animals at times when macrophage levels returned
to baseline levels in the placebo group. We hypothesize that
morphine modulation of inflammation-induced CCR2 ex-
pression may be a potential mechanism for the sustained
recruitment of macrophages observed in morphine-treated
animals.

In in vivo studies of morphine administration, in the
presence of live bacteria, showed stark evidence of the
detrimental ramifications that are a result of chronic mor-
phine treatment. Seven days post-injury, when bacterial
pathogens were cleared in uncompromised immune an-
imals, significant bacterial dissemination out of the PVA
sponge into the blood, spleens, and livers was observed
in mice treated with morphine. This finding lends further
evidence to the conclusion that chronic morphine effects
on early innate immune function have profound impacts
on later immune processes that can potentiate secondary
infection pathologies such as sepsis.

The clearance of the debris and infectious organisms
promotes resolution of inflammatory phase and initiation
of the repair phase, which includes formation of granula-
tion, re-epithelialization, and neovascularization. Macro-
phages play a vital role not only in producing and secret-
ing potent pro-inflammatory factors, but also in their
secretion of potent pro-angiogenic factors. With lower
macrophage influx, fewer pro-angiogenic factors, includ-
ing the transcription factor hypoxia inducible factor-1�
and growth factor VEGF, are produced and secreted by
these cells. In the absence of these factors, the second
arm of healing cannot proceed resulting in significantly
delayed wound repair. Our studies show a prolonged
inflammatory phase in morphine-treated animals with a
significant decrease in angiogenesis. We hypothesize
that the lack of resolution of the inflammatory phase in
morphine-treated animals delays the initiation of the re-
pair phase.

We have previously shown that morphine treatment sig-
nificantly inhibits hypoxia-induced hypoxia inducible fac-
tor-1� expression with concurrent decrease in VEGF-A syn-
thesis and VEGF-induced angiogenesis in a myocardial
ischemic model,54,55 and more recently, in a tumor-induced
angiogenesis model (unpublished data). We speculate that
the reduction in angiogenesis observed following morphine
treatment in our wound healing model may be due to a
combination of a decrease in VEGF synthesis and reduced
recruitment of macrophages. Furthermore, a recent study

by Lam et al56 shows impaired mobilization of endothelial
progenitor cells following high-dose morphine treatment
with a concurrent decrease in angiogenesis. Impaired re-
cruitment of progenitor endothelial cells following wounding
as an additional potential mechanism for compromised
angiogenesis following morphine treatment cannot be
discounted.

These studies provide an enhanced understanding of
the effects of chronic morphine administration on wound
healing processes. Scientific contributions of these stud-
ies provide an in vivo tool by which further mechanistic
experiments can be performed to address why clinically,
heroin-addicted patients often present with infected non-
healing wounds. Understanding these underlying mech-
anisms affords improved treatment options not only for
chronic morphine users and abusers, but can also have
translational implications for immuno-compromised pop-
ulations such as the elderly57 or those who are chroni-
cally stressed.58
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52. Bigliardi PL, Büchner S, Rufli T, Bigliardi-Qi M: Specific stimulation of
migration of human keratinocytes by mu-opiate receptor agonists.
J Recept Signal Transduct Res 2002, 22:191–199

53. Maus UA, Wellmann S, Hampl C, Kuziel WA, Srivastava M, Mack M,
Everhart MB, Blackwell TS, Christman JW, Schlöndorff D, Bohle RM,
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